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This review provides an update on recent research assessing the effect of pre-sleep
protein ingestion on muscle protein synthesis rates during overnight sleep and the
skeletal muscle adaptive response to exercise training. Protein ingested prior to sleep
is effectively digested and absorbed during overnight sleep, thereby increasing overnight
muscle protein synthesis rates. Protein consumption prior to sleep does not appear to
reduce appetite during breakfast the following day and does not change resting energy
expenditure. When applied over a prolonged period of resistance-type exercise training,
pre-sleep protein supplementation has a beneficial effect on the increase in muscle mass
and strength. Protein ingestion before sleep is hypothesized to represent an effective
nutritional strategy to preservemuscle mass in the elderly, especially when combined with
physical activity or muscle contraction by means of neuromuscular electrical stimulation.
In conclusion, protein ingestion prior to sleep is an effective interventional strategy to
increase muscle protein synthesis rates during overnight sleep and can be applied to
support the skeletal muscle adaptive response to resistance-type exercise training.
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INTRODUCTION
Resistance-type exercise training represents a potent stimulus to increase skeletal muscle mass and
strength [see (1) for an extensive review]. Muscle protein synthesis as well as breakdown rates, are
effectively stimulated following a single session of resistance type exercise, albeit breakdown rates
are stimulated to a lesser extent (2, 3). However, in the absence of protein intake, the net muscle
protein balance will remain negative (2, 3). Dietary protein intake shortly after exercise inhibits
exercise-inducedmuscle protein breakdown and further augments the exercise-induced increase in
muscle protein synthesis rate, resulting in a (more) positive post-exercise muscle protein balance.
This synergistic effect between nutrition and exercise on the post-exercise muscle protein synthetic
response has been well-established and forms an essential principle to enable the skeletal muscle
adaptive response tomore prolonged exercise training (4, 5). Themuscle protein synthetic response
following exercise has been observed to be modifiable to the type, amount, distribution, and timing
of protein ingestion [see (6–8) for extensive reviews]. Recently, the concept of protein ingestion
prior to sleep has been introduced as an additional meal moment to increase daily protein intake
and increase overnight protein balance, which could further maximize the skeletal muscle adaptive
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response. In this review we will provide an update on the recent
research investigating the impact of pre-sleep protein ingestion
with and without exercise (training) on the muscle protein
synthetic response in both young and older individuals.
PRE-SLEEP PROTEIN DIGESTION AND
ABSORPTION
In recent years, food ingestion prior to sleep has received
considerable media attention. It has previously been assumed
that food intake should be limited or avoided in the hours
close to night-time sleep as it would have a negative impact
on body composition and overall health, increasing the risk
for cardiovascular diseases, such as obesity and diabetes [see
also (9) for an extensive review]. Although this may be true
when food is ingested in large quantities at night, more
recent studies investigating the impact of smaller and single
macronutrient (i.e., protein) foods have demonstrated positive
physiological outcomes in humans. In addition, the benefits
of night-time supply of nutrients for overnight recovery have
been suggested to support muscle reconditioning and improve
physical performance in athletes. Over the past decade, we have
performed a considerable number of in vivo human studies to
provide insight on the impact of pre-sleep protein ingestion on
(post-exercise) overnight muscle protein synthesis in both young
and older adults (10–18). Figure 1 provides a comprehensive
overview of the studies performed in our laboratory, which will
be discussed in more detail throughout this review.
In the study by Groen et al. (10) we demonstrated for the first
time that administration of 40 g (intrinsically labeled) protein
during sleep (via a nasogastric tube) is normally digested and
absorbed in older adults, resulting in an increase in overnight
muscle protein synthesis rates. This indicates that the gut
functions appropriately at night and suggests that nocturnal
protein administration may be applied as a nutritional strategy
to increase muscle protein synthesis rates during overnight sleep.
Although intragastric protein feeding during sleep may represent
a feasible intervention strategy in certain clinical populations, it
is far from being practical in a day-to-day situation in healthy
individuals. In more recent studies by our laboratory, we have
demonstrated that the ingestion of a single bolus of protein
prior to sleep (ranging from 20 to 40 g protein) also leads to
appropriate protein digestion and amino acid absorption during
subsequent overnight sleep in both young (18) and healthy
older adults (13, 16). In addition, our studies have shown no
effect of pre-sleep protein ingestion on sleep onset latency, sleep
quality, and/or next morning appetite in both young and older
individuals (13, 18). As such, pre-sleep protein ingestion can be
considered as an additional meal moment to increase total daily
protein intake and improve overnight protein balance.
PRE-SLEEP PROTEIN AND OVERNIGHT
RECOVERY
The concept of pre-sleep protein ingestion has been introduced
as a way to increase overnight muscle protein synthesis rates
when exercise is performed prior to bed-time. This is of particular
relevance as previous research has shown that overnight muscle
protein synthesis rates tend to be lower than those typically
observed in the morning following an overnight fast (19). In the
study by Res et al. (11) recreational athletes performed a single
bout of resistance-type exercise in the evening. To maximize the
immediate muscle protein synthetic response following exercise,
all participants ingested 60 g of carbohydrates and 20 g of whey
protein immediately after exercise. In addition, subjects were
provided with either 40 g of casein protein or a placebo drink
(water) immediately prior to sleep. Muscle protein synthesis
rates were ∼22% higher during overnight sleep when protein
was consumed prior to sleep compared to participants ingesting
the placebo drink (11). In contrast, in a more recent study
from our laboratory we observed no significant increase in
overnight myofibrillar protein synthesis rates in response to a
single exercise session performed in the evening immediately
followed by a post-exercise recovery drink (containing 20 g milk
protein) and 30 g of casein protein with or without 2 g of
crystalline leucine or placebo (water) prior to sleep (18). The
apparent discrepancy between study outcomes may be explained
by the more moderate amount of protein (30 g in the second
study as opposed to 40 g protein in the first study) that was
ingested prior to sleep. This may indicate that a dose-response
relationship exists with pre-sleep protein ingestion, which is
not in line with the immediate post-exercise recovery period
(generally assessed over a relatively short 3–4 h recovery period
as compared to a more prolonged 7.5 h overnight recovery
period) during which 20 g has been reported to be sufficient to
maximize muscle protein synthesis rates following a single bout
of exercise in young healthy males (20, 21). Nevertheless, we
have clearly shown that resistance-type exercise augments the
overnight skeletal muscle adaptive response, with myofibrillar
muscle protein synthesis rates being 37% higher when 30 g of pre-
sleep protein (casein) ingestion is combined with a single session
of resistance type exercise in the evening compared with pre-
sleep protein ingestion only (14). Furthermore, the application of
intrinsically labeled pre-sleep protein allowed us to demonstrate
that 76% more of the pre-sleep protein derived amino acids were
incorporated in myofibrillar protein when earlier that evening
individuals engaged in a single resistance exercise session (14).
Although the optimal dosage for pre-sleep protein ingestion
remains to be determined, it has become clear that prior physical
activity (e.g., resistance exercise) increases the efficiency by which
pre-sleep protein derived amino acids are used in de novomuscle
protein synthesis during overnight sleep.
Pre-sleep protein ingestion has been hypothesized to be a
viable option to increase dietary protein intake to attenuate
the loss of muscle mass with aging in older adults (5). In a
recent study, we provided 40 g of casein protein prior to sleep in
older adults and demonstrated and increase in overnight muscle
protein synthesis rates (17). In this study, 40 g of casein ingested
prior to sleep was compared with 20 g of casein with and without
additional 1.5 g crystalline leucine, or a placebo. Ingestion of 20 g
protein, as opposed to 40 g, did not result in a significant increase
in overnight muscle protein synthesis rates when compared
to the placebo condition. These results appear to be in line
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FIGURE 1 | Overview of previous published overnight muscle protein synthesis studies at Maastricht University. EXE, single bout of resistance exercise; PLA, placebo;
PRO, protein; Intragastic, Protein ingestion via intragastric tube; Leu, enriched with free crystalline leucine. White [Res et al. (11)] and light gray [Trommelen et al.
(14, 18)] bars indicate study results from healthy young men. Dark gray [Groen et al. (10)] and black [Kouw et al. (17) and Holwerda et al. (13)] bars indicate study
results from healthy older men.
with studies performed during daytime demonstrating that the
ingestion of ameal-like amount of protein (20 g) increasesmuscle
protein synthesis rates by ∼75% in healthy young individuals,
whereas in an older population ∼40 g protein is prerequisite to
allow a similar rise in muscle protein synthesis rates during the
postprandial period (17). Besides ingesting larger amounts of
protein, fortifying lower amounts of protein with free leucine has
been reported to further stimulate postprandial muscle protein
synthesis rates in older adults (22–24). However, in the study by
Kouw et al. (17), no differences in the post-prandial overnight
muscle protein synthetic response were observed between 20 g
casein protein ingested with or without additional free leucine
(1.5 g). In this publication, we speculated that “the absence of
a stimulating effect after leucine co-ingestion could be attributed
to the absence of a robust insulin response during the overnight
period, the lack of sufficient amino acids as precursors for muscle
protein synthesis during the relatively long overnight period, or
simply that the stimulating properties of leucine are less evident
during sleep” (17). It is important to note that this study
was performed in healthy older adults, whether more robust
beneficial effects on overnight muscle protein synthesis can be
observed when (small amounts of) protein is consumed prior to
sleep by individuals with a relative low habitual dietary protein
intake, like frail elderly, and/or more compromised clinical
population, remains to be established. Furthermore, these studies
were performed in the absence of performing physical activity or
exercise in close proximity to the protein ingestion.
As already discussed, physical activity/exercise is known to
further augment the postprandial rise in muscle protein synthesis
in both young and older adults (25–27). In the study of Holwerda
et al. (13) we showed that protein (40 g of casein) ingestion prior
to sleep results in a positive overnight whole body protein balance
in older adults. More importantly, overnight muscle protein
synthesis rates were significantly higher when older adults
performed a single exercise session earlier that evening. Overall,
the existing studies suggest that pre-sleep protein consumption
may represent an effective intervention to maintain muscle mass
by increasing muscle protein synthesis rates during overnight
sleep. In older and/or more clinically compromised populations
the ingestion of a large bolus (40 g) of protein may not be
feasible or practical, however, the study by Holwerda et al.
(13) suggests that being physically active/performing exercise
earlier that day may increase the beneficial effects when ingesting
smaller amount of protein (<40 g) prior to sleep. During long
periods of bed rest (e.g., due to illness or injury), however,
physical activity can be severely restricted. The muscle protein
synthetic response to protein ingestion is significantly reduced
in response to physical inactivity (see (28) for extensive review).
Neuromuscular electrical stimulation (NMES) represents an
exercise mimetic that evokes muscle contractions and has
been hypothesized to be an effective alternative to performing
physical activity or exercise to attenuated disuse related anabolic
resistance. Muscle protein synthesis rates have been reported
to increase when NMES is performed in the morning after
an overnight fast (29). More importantly, we have shown that
NMES application prior to pre-sleep protein ingestion stimulates
muscle protein synthesis during overnight sleep in healthy older
adults (16). As such, the application of NMES with pre-sleep
protein ingestion may represent a viable strategy to optimize
overnight muscle protein balance and may be of significant
clinical relevance to preserve skeletal muscle mass in bed-ridden,
hospitalized patients.
In all our work in which we assessed the impact of pre-
sleep protein ingestion on overnight muscle protein synthesis,
participants received a pre-specified absolute amount of protein
to ingest prior to sleep. However, total daily protein intake
recommendations such as the Recommended Dietary Allowance
(RDA) are often expressed relative to bodyweight, i.e., in g/kg.
More recently, per-meal protein recommendations have also
been expressed relative to bodyweight and lean body mass (30).
Thus far, only one study has directly investigated the impact
of lean body mass on the muscle protein synthetic response to
protein ingestion. Macnaughton et al. (31) assessed the impact of
whey protein ingestion (20 or 40 g) on (day-time) post-exercise
muscle protein synthesis between young adults with a relative
low compared with a high amount of fat free mass (∼59 vs. 77 kg
fat free mass, respectively). Interestingly, no differences in post-
exercise muscle protein synthesis rates after the ingestion of 20 or
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40 g of whey protein were observed between groups. These data
suggest that lean body mass is not a strong modulator of protein
requirements during the first couple of hours of post-exercise
recovery. To provide further insight into the relation between
relative protein intake (g/kg body weight) and the subsequent
postprandial response, we have collapsed our data sets on
previously performed overnight muscle protein synthesis studies
(n = 99). Here we show a positive association between protein
intake (g/kg body weight, or g/kg lean body mass) and overnight
muscle protein synthesis rates (Figures 2A,B). This positive
association with relative protein intake (g/kg) was also observed
when only analyzing data from subjects who did not perform
prior resistance-type exercise (Supplemental Figure 1A,
n = 56), and those that did perform prior exercise
(Supplemental Figure 1B, n = 43). Furthermore, similar trends
were observed for both young (Supplemental Figure 1C,
n = 44), and older (Supplemental Figure 1D, n = 55)
adults separately. We speculate that pre-sleep protein
requirements may be personalized based on bodyweight
or lean body mass, however, more direct experimental
comparisons are warranted to further corroborate
this speculation.
PRE-SLEEP PROTEIN INGESTION AND
APPETITE
A number of studies have recently assessed whether ingestion
of a relative low-energy beverage prior to sleep could alter
appetite, and/or cardio-metabolic risk factors the following
morning in various populations. In a randomized, double-blind,
cross-over study, Madzima et al. (32) compared the ingestion
of various pre-sleep drinks containing different macronutrients
(carbohydrate vs. protein) and different protein compositions
(whey vs. casein vs. 50% blend) on satiety and resting energy
expenditure on the following morning in healthy young men.
In this study pre-sleep beverage consumption did not modulate
satiety assessed the following morning (32). Interestingly, the
authors did show that, irrespective of beverage composition,
consumption of a pre-sleep caloric drink increased resting energy
expenditure, without inhibiting fat oxidation, assessed the next
morning when compared with a non-caloric placebo in healthy
young men (32). These findings, together with an overnight
increase in muscle protein synthesis rates following pre sleep
protein ingestion (10, 11, 13, 14, 16–18), imply that protein
ingestion prior to sleep does not appear to have negative effect
on resting energy expenditure and fat metabolism the next
morning and may be a viable option to support overnight muscle
reconditioning and, as such, provide a competitive advantage to
healthy young individuals/athletes. However, contrasting results
have been reported by Kinsey et al. (33) applying the same
research protocol and beverage composition in overweight and
obese women. This study showed that the ingestion of a pre-
sleep drink, irrespective of macronutrient composition, led to
a greater subjective feeling of satiety the next morning. In
addition, the morning following the nighttime ingestion of
carbohydrate-only or protein-only pre-sleep beverages resulted
FIGURE 2 | Scatter plot of the correlation between overnight (mixed muscle or
myofibrillar) protein fractional synthetic rate (FSR) as calculated based
intravenous infusion of L-[ring-2H5]−phenylalanine and (A) protein ingested
per kilogram bodyweight (BW) or (B) protein ingested per kilogram lean body
mass (LBM) in humans. Collapsed data set from previously published studies
(11, 13, 14, 17, 18).
in small but significant increases in resting insulin concentrations
and subsequent an indicator of insulin resistance (assessed by
Homeostatic Model Assessment of Insulin Resistance; HOMA-
IR) (33). This indicates that in sedentary overweight and obese
women ingestion of carbohydrate and/or protein beverages prior
to sleep may elicit unfavorable metabolic effects. Interestingly
though, the same research group has shown that these negative
effects are completely abolished in overweight and obese subjects
when protein and/or carbohydrate ingestion prior to sleep
is combined with prolonged exercise training (34). But to
truly assess whether the favorable (or absence of potential
unfavorable) effects of pre-sleep protein ingestion per se on
resting energy expenditure, glucose/fat metabolism and satiety
the next morning, as observed in healthy young men (32), is also
present in obese individuals, a comparison with a non-nutritive
placebo would be prerequisite under well-standardized condition
with regards to food intake during the day. Therefore, the
same authors performed a cross-over follow-up study comparing
pre-sleep protein ingestion (30 g protein) with a non-nutritive
placebo in obese men during a period of well-controlled dietary
intake. Here they showed that pre-sleep protein intake did not
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affect fat or glucose metabolism, resting energy expenditure, and
did not suppress appetite the following morning in young obese
men compared with a non-nutritive placebo. (35). Altogether,
these studies indicate no direct negative effects on next morning
appetite and resting energy metabolism when a low-energy,
single nutrient/protein beverage is consumed prior to sleep.
However, it is important to note that the impact of pre-sleep
protein consumption on resting metabolic rate during overnight
sleep remains to be established.
PROTEIN INTAKE DISTRIBUTION
Distribution of protein intake over the day has been showed to be
an important factor to maximize daily muscle protein synthesis
rates and, as such, to optimize muscle reconditioning. A balanced
distribution of daily protein intake over three main meals has
been shown to result in higher 24 hmuscle protein synthesis rates
when compared with an unbalanced distribution, in which most
protein is consumed at dinner (36). In support, a more balanced
pattern of protein intake during 12 h of post-exercise recovery has
been reported to result in higher muscle protein synthesis rates
when compared with “the ingestion of the same total amount of
protein provided in less frequent but larger amounts (40 g every
6 h), or in more frequent, smaller amounts (20 g every 1.5 h)”
(37). Based on such findings, it is currently recommended to
consume with each main meal at least 20 g protein, with no more
than 4–5 h between meals to support muscle protein synthesis
(8). However, ingestion of an additional post-exercise and/or
pre-sleep protein meal may modulate the anabolic response to
ingestion of the main meals. For example, previous work has
suggested that a continuous supply of exogenous amino acids
via intravenous infusion may actually blunt the initial rise in
muscle protein synthesis rates (38). However, whether protein
ingestion following exercise and/or prior to sleep influences the
muscle protein synthetic response to the ingestion of subsequent
protein-rich meals remains largely ambiguous. We have started
to address this issue in a recent study by investigating whether
protein ingestion immediately following exercise and before
subsequent sleep could influence the muscle protein synthetic
response to the consumption of a meal-like amount of protein
the following morning (15). In this study, we demonstrated
that the consumption of ample amounts of protein (60 g whey)
before sleep did not alter post-prandial muscle protein synthesis
rates to the following morning (15). In other words, these data
suggest that the protein ingested during every meal signifies an
distinctive opportunity to stimulate muscle protein synthesis and
that subsequent rises in post-prandial muscle protein synthesis
to each meal may be additive. This is relevant for the athletic
population who usually consume more than 1.2 g protein kg
bodyweight−1 day−1, with the majority of protein ingested
during the three main meals, and only a small amount of protein
ingested as an evening snack (39). Despite the relatively high
amount of protein ingested earlier in the day, pre-sleep protein
ingestion would presumably still provide an anabolic stimulus on
overnight muscle protein synthesis rates, thereby enhancing daily
muscle tissue re-conditioning (8).
LONG TERM EFFECT OF PRE-SLEEP
PROTEIN INGESTION
The more long-term effects of pre-sleep protein ingestion on
skeletal muscle conditioning has also been assessed in healthy
young men during a 12-week resistance type exercise training
program. In this study we showed a greater increase in skeletal
muscle mass and strength when participants ingested 27.5 g
protein (50% casein + 50% casein hydrolysate) compared with
a non-protein placebo prior to sleep (on both training as
well as non-training days) during 12 weeks resistance type
exercise training in healthy young men (12). These results
provide evidence that ingesting a moderate amount (∼30 g)
of protein prior to sleep represents an effective intervention
strategy to augment gains in skeletal muscle mass and strength
during a resistance-type exercise training program in young
men. However, it is important to note that in this study the
pre-sleep protein supplementation was compared with a non-
protein placebo, and not to protein supplementation at other
time points. Whether pre-sleep protein ingestion has surplus
benefits compared with protein supplemented at other time
points throughout the day remains to be established. It has been
hypothesized that pre-sleep protein supplementation increases
the gains in muscle mass during prolonged exercise training
mainly as a function of increased total protein intake, rather
than by its specific timing of protein intake thereby improving
protein intake distribution (8, 40). As meta-analyses data are
required to clearly demonstrate that protein supplementation can
augment gains in lean tissue mass and strength during prolonged
resistance-type exercise training (41), it appears unlikely that a
differential effect of protein supplement timing on the gains in
muscle mass and/or strength can be detected in a longitudinal
study design. In support, a recent study reported no statistical
significant difference in fat-free mass gains when whey protein
was supplemented in the evening when compared to protein
supplemented in the morning (42). Nonetheless, the observed
increase in fat-free mass was numerically greater when protein
was ingested in the evening compared with the morning (+1.2 kg
vs. +0.4 kg, respectively), leading the authors to speculate that
the study might have been underpowered to significantly detect a
relevant difference. In line, Joy et al. (43) observed no differences
in muscle mass gains following 10 wks of resistance type
exercise training between nighttime or daytime casein protein
supplementation (35 g) in healthy young men. Again, however,
no firm conclusion can be drawn from this study due to its limited
sample size, as also acknowledged by the authors. To obtain
insight in the required sample size for such work, we performed
an a posteriori sample size calculation based on our previous
work (12). With an alpha level set at 0.05 and with a power of
80%, it would require 24 healthy young volunteers in both the
placebo and pre-sleep protein treatment to detect a hypertrophic
effect of additional pre-sleep protein ingestion. Our calculations
reveal that it would require substantially more young adults in
both groups to detect a potential superior hypertrophic effect of
pre-sleep protein ingestion compared to protein ingestion earlier
in the day.
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Although pre-sleep protein ingestion has been demonstrated
to enhance the gains in skeletal muscle mass and strength during
resistance-type exercise training in young men (12), this does not
appear the case in older adults (44). In a recently published study,
we reported no beneficial effect of protein ingestion (20 g whey+
1 g leucine) immediately after exercise and prior to sleep on the
increase in skeletal muscle mass and strength during 12 weeks
of resistance-type exercise training in healthy older men (44).
Age-related factors, like habitual physical activity level, lower
absolute workload, and the prevalence of anabolic resistance may
explain the discrepant findings on the surplus effect of pre-sleep
protein consumption on the muscle mass and strength gains
following resistance exercise training between young and older
adults. Overall, more sufficiently powered studies are warranted
to investigate whether pre-sleep protein intake can augment
gains in muscle mass and strength in response to long-term
exercise training in general and it would be of great interest
to assess its efficacy in specifically more clinically compromised
older populations. Thus, far only one study has assessed and
showed a positive impact of pre-sleep protein ingestion outside
the laboratory (45). Results from this study suggest an accelerated
recovery in the first days after a soccer match when protein was
ingested prior to sleep following an evening soccer match in
young adults (45). Clearly more research is required to further
establish the true impact pre-sleep protein ingestion may have on
muscle reconditioning and recovery in more applied setting of
sports performance. Finally, little is known on the short as well
as long-term effects of pre-sleep protein intake on subsequent
muscle reconditioning in response to more intermittent and
endurance-type exercise training.
CONCLUSIONS
Protein ingested prior to sleep is effectively digested and
absorbed during sleep, thereby increasing plasma amino acid
availability and stimulating muscle protein synthesis during
overnight sleep in both young and old. When pre-sleep
protein intake is combined with exercise performed the same
evening, overnight muscle protein synthesis rates will be
further increased. Protein ingestion prior to sleep can be
applied in combination with resistance type exercise training to
further augment the gains in muscle mass and strength when
compared to no protein supplementation. However, whether
this beneficial effect on pre-sleep protein ingestion on muscle
mass and strength gain during resistance-type exercise training
are due to an increased total protein intake rather than
by its specific timing remains elusive, and warrants further
research. Protein ingestion before sleep has been hypothesized
to represent an effective nutritional strategy to increase daily
protein intake and, as such, to attenuate muscle mass loss
in hospitalized older adults. In more clinically compromised
older populations the combination with exercise or exercise
mimetics (such as NMES) may further increase the efficacy
of pre-sleep protein ingestion to improve overnight muscle
protein balance.
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